Planar devices that can be categorised as having a nanophotonic dimension constitute an increasingly important area of photonics research. Device structures that come under the headings of photonic crystals, photonic wires and metamaterials are all of interest -and devices based on combinations of these conceptual approaches may also play an important role. Planar micro-/nano-photonic devices seem likely to be exploited across a wide spectrum of applications in optoelectronics and photonics. This spectrum includes the domains of display devices, biomedical sensing and sensing more generally, advanced fibre-optical communications systems -and even communications down to the local area network (LAN) level. This article will review both device concepts and the applications possibilities of the various different devices.
INTRODUCTION
This article will provide a fairly brief overview of research on several different topics, all conforming to a fairly loose definition of the word nanophotonics. One topic is photonic quasi-crystal (PQC) structures for enhanced extraction and beam-shaping of the light from LEDs. The specific target application for these PQC-LEDs is back-illumination in large area liquid-crystal (LC) display devices. It will also be pointed out that realising PQC structures for the enhancement of LED performance provides an important possible application for nano-imprint lithography (NIL) [1] [2] [3] [4] . Bio-medical sensing -and sensing more generally, using photonic crystal (PhC) structures has become a moderately hot topic [5] [6] [7] [8] , because of the combination of high quality-factor resonance and extreme compactness that can be obtained using suitably designed structures within the constraints of deforming 2D PhC lattices in high confinement planar waveguides. The conceptual extension to structures using 1D periodic (Bragg) mirrors to form microcavities with strong confinement and single mirror structures with large stop-bandwidth and sharp spectral band-edges [9] [10] [11] [12] [13] .
One of the currently popular high-index and high refractive-index contrast material systems that is relevant to PhC-based bio-sensor devices is based on single-crystal silicon, in particular the version called silicon-on-insulator (SOI) -in which large refractive-index contrast is obtained by comparison with either air or silica in the regions adjacent to the silicon waveguide core [14] [15] [16] . We are now properly in the era of silicon micro-and nano-photonics and, as well as the PhCtype devices already mentioned, ring resonators formed in photonic wires of silicon are a topic of major interest in current research [17] [18] [19] [20] [21] [22] . Ring resonators and folded-path photonic wire waveguide structures realised in SOI technology have been demonstrated to provide an excellent platform for high-sensitivity and very compact bio-medical sensor devices [23, 24] . Although single-crystal silicon has been specifically mentioned above, the other available forms of solid silicon, i.e. amorphous silicon and polycrystalline silicon have both attracted some attention -and they have been used in realising several interesting devices [25] [26] [27] [28] .
Ring-resonators can also be used to form what is arguably the most important type of slow-wave propagation structure for guided light, the coupled resonator optical waveguide or CROW -taking advantage of state-of-the-art fabrication technology to achieve a necessarily high-degree of perfection in the performance that is attainable. Even with state-ofthe-art fabrication, full control of the transfer and reflection characteristics of ring-resonator based CROW structures, as realised in SOI, requires additional localised tuning -most obviously via the large thermo-optic effect that is available in silicon [29, 30] . Suitably assembled and externally connected CROWs can provide short-term storage and buffering functionalities for optical data, as well as pass-band and stop-band filter functionality, with a close match between design and experimental performance [18] [19] [20] [21] .
Planar arrays of metallic split-ring resonators (SRRs) are an important building block for the construction of metamaterials and nano-photonic devices [31] [32] [33] [34] [35] [36] [37] . In the form of suitably assembled '3D' multilayers that are fabricated using essentially the same processes as are now a standard feature of modern silicon VLSI technology, artificial materials with interesting properties such as chirality become readily realisable [38] . We shall concentrate in this article, but not exclusively, on the properties of two versions of the so-called asymmetric split-ring resonator (ASRR) structure [34] . The multiply resonant behaviour of the elementary ASSR can be used to provide, in a planar array format, metamaterial surfaces that display frequency selective enhancement of reflection and transmission resonances, as well as strongly frequency selective suppression of the absorption resonance that has been aptly given the name of 'trapped mode resonance' [39] . Essentially the same characteristics are observable in ASRR arrays that have characteristic dimensional scales that yield resonances over the frequency/wavelength range from microwaves, through the TeraHertz region and the mid-infrared (mid-IR) -down (in wavelength) to the near infrared and towards the edge of the visible spectrum. We shall mention the application of arrays of ASRRs with reflection and absorption resonances in mid-IR to organic sensing and, by implication, to biomedical sensing. This area of application is within the domain of what is called surface-enhanced infra-red absorption (SEIRA) spectroscopy [40, 41] . With suitable choice of dimensions, ASRR arrays can also become one means of accessing the massive enhancement factors that are possible using surfaceenhanced Raman-spectroscopy (SERS) [42] .
MASS PRODUCTION OF PHOTONIC MICROSTRUCTURES WITH NANO-SCALE PRECISION AND FEATURES
Planar technologies for producing the device structures required for research in the domains of metamaterials, photonic crystals, and nano-photonics more generally, have been reviewed by Johnson et al [34] and by Wegener et al [43] . Electron-beam lithography (EBL) remains the only approach in use, on a significant scale, for primary generation of the lithographic patterns required in this domain. Its combination of precision and programmability over substantial, but still quite small areas, cannot so-far be matched by possible alternative techniques. For the purposes of integrated-optical, optoelectronic and photonics device research and development, EBL is relevant as the pattern generator for the masks used in deep ultra-violet (DUV) lithography, which may therefore be classed as a replication process. Alternatively -and of central importance for the research covered in this report -EBL can be used in direct-write mode, straight onto device substrates that that have been coated with an appropriate EBL resist. Direct-write EBL is obviously relevant to research on nano-structured photonic device structures, but it is also appropriate to note that direct-write EBL is the preferred approach for the production of high-performance, moderate production-volume, devices such as distributed feedback (DFB) lasers.
Direct-write EBL, together with a development process that leaves electron-beam exposed resist in place when using negative EBL resist or removes exposed resist for positive EBL resist, is typically only the first stage among the one or more additional stages required for transfer of the primary pattern into the surface of the material that is to be micro-or nano-structured. For some polymeric materials, e.g. polyimide, and for the specific case of HSQ (hydrogen silsesquioxane) resist, exposure and development may be all that is required. For polyimide, suitable sensitization to electron-beam exposure can produce a patterned layer of the material which is, for instance, potentially useful as an optical waveguide and/or grating. With HSQ, exposure and development produces regions of high quality silica film that can, for instance, provide a cladding layer for a silicon or other higher index waveguide core. The key advantage of HSQ EBL resist is that it can be used directly as a mask for the reactive ion-etching (RIE) process that transfers the specified pattern into the device material, with a degree of perfection that is not typically matched with polymer or resin-based resists. With correctly chosen etch-gas chemistry and composition, mask layer erosion during transfer can be almost completely negligible when using a properly exposed and developed layer of HSQ resist. At the end of the etching process, it may be necessary to remove the remaining, essentially silicon dioxide, mask layer by using buffered hydrofluoric (HF) acid -and the chemical composition of the device material must be such that exposure to the HF acid does not produce significant surface damage.
Nano-imprint lithography (NIL) is a technique that has the crucial potential for mass-production. Typically a master, mould or stamp (to use three alternative words that mean much the same) must be produced that has been structured with nanometre size features. Creation of the stamp itself requires patterning by EBL and then etching via RIE. Wafer sections of single crystal silicon can be patterned to form high quality and high fidelity masters for NIL, but they are opaque at the deep ultra-violet (DUV) wavelengths involved in aligned, multi-stage replication type processes. Silicon stamps are therefore used in 'heat-and-pressure' NIL, which does not involve DUV exposure. An obvious alternative material for use in making NIL masters that have the necessary transparency for DUV mask-aligner based NIL is fused silica. But, because of the specific nature of the reactive ion etching processes, it is significantly more difficult, in practice, to transfer the initial pattern deeply into the master as uniform diameter pillars Fig. 1 shows a scanning electron-micrograph of a stamp or master for heat-and-pressure NIL, realised in a section of silicon wafer. The silicon stamp was prepared by EBL patterning and development of a deposited HSQ layer, followed by dry-etching to a depth of approximately 260 nm. Before the stamp is used in the imprinting process, it is coated with an anti-adhesion layer of, for example, the chemical tridecafluoro-(1,1,2,2)-tetrahydrooctyl-trichlorosilane (F 13 -TCS). 
Nano-imprint lithography (NIL) by the heat-and-pressure method
We have successfully carried out NIL-based patterning processes for photonic quasi-crystal (PQC) structuring on the top surface of sections of GaN-based blue LED wafer, using the heat-and-pressure technique [3, 4] . mr-I-9020 resist was used -which is an allyl-based, thermally cross-linkable polymeric material from the Microresist company. The PQC patterns were generated at 120°C under 40 bar pressure for 15 minutes -in a purpose-built nanoIMPRINT machine from the Obducat company. In the 'heat-and-pressure approach, a surface structured mould is impressed into the polymer layer coating on top of the wafer section that is to be surface-relief patterned -with the sample heated to a temperature that is above the melting temperature, T g , of the polymer. The polymer is then cured at an elevated temperature, with the mould in place and the pressure applied. To detach the mould from the imprinted polymer layer, the temperature is reduced, after the pressure has been removed. Before further processing, such as RIE etching of the surface of the wafer section, thin residual layers of squeezed polymer that lie between the regions of full-thickness patterned polymer film are 'burned-off' by plasma etching, e.g. with oxygen.
At high temperatures, the fluidity of the polymer increases. At the beginning of the NIL process, the viscosity of the polymer is low -so that the cavities of the mould (i.e. the master) can be filled with the MR-I-9020 polymer, before cross-linking takes place and causes an increase in viscosity. The shape formation of the imprint is finished when the polymer begins to solidify -at high temperature -beneath the stamp. Pressure keeps the mould attached to the sample during the filling of the mould with the polymer. As the micrograph of Fig. 2 suggests, this work has demonstrated that the heat and pressure approach for NIL can be used for imprinting effectively on the rough surfaces that are often encountered on LED wafers. 
PLANAR WAVEGUIDE MICROCAVITY RESONATORS FOR BIOMEDICAL SENSING APPLICATIONS
The P3SENS project funded by the European Commission [44] has set out to realise a novel form of biomedical sensor element based on planar optical waveguides in a nano-structured multi-layer combination of polymeric materials. High Q-factor microcavity structures that can operate in an aqueous (n ~ 1.33) environment are required. Relatively high refractive index polymer waveguides that are structured according to photonic crystal principles potentially provide an appropriate route to the realisation of the core sensing elements for application in point-of-care diagnostics. In particular, the target application for the devices is the detection of conditions associated with vascular cerebral accidents, i.e. strokes, in human patients.
Strokes occur, for example, when there is a sudden interruption of the blood supply to the brain, but take multiple and diverse forms (principally two quite different processes). Correct diagnosis of the nature of a stroke that has occurred, within a subsequent period of only a few hours, can have a major impact -via appropriate remedial action -on the prognosis for the patient. i.e. the prospects for substantial restoration of capabilities in a patient depend heavily on a rapid and correct medical response. If a human patient can already be identified as being liable to stroke, some time prior to the possible event -and the specific nature of the situation can also be identified -remedial action can safely (and preferably) be taken in advance. The type of stroke in which blockages occur in the arteries leading to the brain, ischaemic stroke (U.K./European spelling), accounts for nearly 80% of stroke events. The other main type of stroke is the haemorrhagic stroke -and involves leakage of blood into the brain tissue when a blood vessel bursts.
Each year, 1.1 Million new stroke events occur within the EU, Switzerland, Iceland and Norway -taken together. It is predicted that the number of new stroke events will increase to 1.5 Million, by year 2025. The estimated total annual cost, within the EU, of treating people affected by stroke -and dealing with the consequences of people having strokesis estimated to be 21 billion Euro. So there is a need for a quick, easy and reliable blood test based on a panel of biomarkers. In the case of stroke, the required point-of-care detection element must be able to identify and quantify the presence of several distinct biochemical compounds in a suitably prepared sample of blood or serum taken from the patient, i.e. a multi-analyte approach is required. One of the 'standard' ways of identifying the presence, in a fluid sample, of a specific and, in broad terms, undesirable biochemical entity, i.e. an antigen, is to arrange for a surface to be locally coated with antibodies that specifically bind the antigen to the surface. Ideally, the antibodies do not bind with any other possible antigen. This immunosensing reaction can be translated into a small change in the refractive index of the medium adjacent to the surface on which the binding takes place. By incorporating the bio-sensing surface into an optical waveguide micro-cavity resonator, the small refractive index change can translate into a sensitive, but label-free, means for detecting that a binding immuno-reaction has taken place.
Photonic crystal structures for bio-molecular sensing and point-of-care diagnosis
Fig. 3: Conceptual representation of a biomedical sensor structure based on highly frequency-selective microcavities defined within a 2D periodic PhC lattice of holes. The microcavities are weakly coupled to feeder and receiver channel waveguides. As shown, the high refractive index planar waveguide in which the structure is realised has the form of a suspended membrane. The PhC hole-based sensor structure is envisaged as being entirely surrounded by fluid that has a refractive index close to that of water. The inset shows how a microcavity surface sensitized with specific antibodies can 'detect' the corresponding antigens present in a fluid sample in a selective binding immuno-reaction.
From the point-of-view of the creation of large value resonance quality-factor photonic-crystal based microcavities that are intrinsically very sensitive to small changes in the local refractive index, a device structure like that shown in Fig. 3 is an 'obvious' choice. The correspondingly natural choice of high index material for the waveguide core is silicon, provided only that the optical wavelength chosen for operation is sufficiently far into the infra-red region for absorption to make a negligible contribution to the propagation losses. The mechanical robustness of a single-crystal silicon membrane produced by removing the supporting silica buffer layer from a silicon-on-insulator (SOI) should be sufficient for the task of providing the waveguide membrane that is surrounded by flowing liquid at modest pressure levels. The fluid that is transporting the bio-medically relevant measurand must also be able to permeate the holes forming the PhC regions. The standard expectation is that water will play a major role as a component of the fluids involved, so the total range of refractive index contrast available for exploitation in the resonant microcavities is approximately 3.5 to 1.
A central objective of the P3SENS project is to use an entirely polymer-based multilayer structure, such as that shown schematically in Fig. 4 , as the basis for the formation of planar waveguide type resonant micro-cavities, with the specific frequencies of the cavity resonances being determined by the refractive index of the materials used to form the waveguide -and by the detailed geometry of the periodic (Bragg grating) mirrors and the spacer section that define the cavity shown schematically in Fig. 5 . As is well-known in the domain of photonic crystals, strongly reflecting mirrors with compact overall dimensions require the materials involved to provide a large refractive index contrast between the waveguide core and the regions around the core. The range of refractive indices available with typical organic polymers is quite restricted. For applications in biomedical sensing, it is potentially important that the lowest value for the refractive index of any available polymers is around 1.33, i.e. the refractive index of water. At the other end of the polymer refractive index spectrum, polyimide can have a refractive index as large as n = 1.64 in the pure polymer. But loading of a matrix of polyimide with nano-particles of a high refractive index inorganic material such as titanium oxide can produce a composite material with a refractive index greater than 1.8, while the scattering losses associated with the introduced nanoparticles may remain small enough to be acceptable in compact photonic devices. The choice of fabrication of the device structure by using nano-imprint lithography (NIL) is an attractive option, provided that it can be made to work -and do this reproducibly and reliably many times with the same stamp. Fig. 6 shows schematically what can happen when a 1200 nm thick waveguide core layer of, e.g., polyimide (PI) is imprinted using a 1070 nm deep stamp, after deposition on a softer low refractive index layer, e.g. Cytop, that has a refractive index close to 1.33. Clearly the stamp does not penetrate fully through the polyimide layer, while reflow of the highindex polymer to the edges of the stamped feature increases the ridge height towards the target height of 1070 nm. Some broadly undesirable deformation of the low refractive index polymer lower-cladding layer will also occur. The validity of the schematic representation of Fig. 6 is verified by the scanning surface probe trace shown in Fig. 7 . With the use of NIL, one important requirement is that the structure produced does not change significantly when the tool is removed, while it is also essential that the removal process is completely 'clean', i.e. that none of the NIL-shaped polymer structure remains attached to the stamp. It has already been mentioned that it is undesirable for changes to occur in the sizes of the features produced by the NIL stamp. As already mentioned, an established technique for increasing the refractive index of the waveguide core layer that is applicable to polymers such as polyimide is to load the polymer with evenly distributed nanoparticles of higher refractive index inorganic material such as titanium oxide. If the high-index nanoparticles are sufficiently small and mono-dispersive in their size distribution, acceptably small propagation losses due to Rayleigh scattering become possible and the average refractive index of the loaded film can be increased usefully, e.g. by as much as 0.1. At the same time as its refractive index is increased, the nano-particle loaded polymer waveguide core layer is likely to become less easy to deform by the NIL process, but probably more stable once the process has been successfully carried out. 
SOLITON FORMATION IN PHOTONIC WIRE AND PHOTONIC CRYSTAL WAVEGUIDES
Straight silicon photonic wire waveguides that are a few millimetres long can provide useful soliton formation [16] . For example, the launching of a 175 fs long optical pulse, with suitable total energy, into such a silicon photonic wire can lead to 50 fs long soliton pulses at the output. Unsurprisingly, much shorter photonic crystal channel-waveguide structures can also be used for soliton formation, exploiting the several benefits of slow propagation [45, 46] . Apart from the consequently increased compactness, it is not yet obvious that significant benefits accrue from choosing slow PhC channel waveguides over photonic wire waveguides. More experience with practically realisable structures may lead to a preferred approach -in terms of: (a) propagation losses, (b) total insertion loss, (c) cross-talk between spatially distinct structures and between information carrying channels, (d) spurious localisation effects associated with uncontrolled defects and (e) the fidelity of transport of phase-encoded information. For the moment, we make the assertion that 'fast' light may be as useful as 'slow' light, even where non-linear propagation is an essential feature of operation and one can therefore expect the benefits of enhanced effects from slow propagation.
RING-RESONATOR CROWs IN SOI TECHNOLOGY
The ring-resonator with a nearly single-mode 'photonic wire' waveguide geometry, realised on the basis of silicon-oninsulator planar waveguide wafer sections, is a promising approach for the realisation of a compact photonic device technology for short-term storage of digitally-encoded optical data [17, 47] . The structure shown in Fig. 8(a) is an example of the kind of device that might be used to store pulse-encoded patterns of light for short periods. The six rings visible in the micrograph are strongly coupled together to make a coupled resonator waveguide (CROW) [18] [19] [20] . A feeder 'bus-bar' waveguide is visible at one end of the array. Depending on the detailed situation , the feeder bus-bar may also receive light back from the CROW, sometime after it has been input. The CROW shown may also be coupled to a second bus-bar waveguide that can be regarded as the output channel -and the CROW forms a slow-light structure. Strong coupling between the adjacent rings of the CROW is facilitated by using a nominally identical racetrack geometry for the rings, with straight sections of waveguide forming parallel waveguide direction couplers. Strong coupling is an essential requirement if such CROW structures are to have sufficiently large bandwidth to support communications data rates of 100 Gb/s or greater. An immediate consequence is that the maximum acceptable value of the slowing factor, S, that is acceptable is quite modest -equivalent to around a three times larger group refractive index than that of bulk silicon.
In Fig. 8 , we have shown a silicon photonic-wire CROW that has 'only' six rings. So -by comparison with other work in which as many as 256 rings have been used to make a single CROW [21] -the number of rings involved is small, while the ring 'diameter' of about 40 µm is substantially larger than has been used elsewhere. A vital point in the implementation of the various functional possibilities that accompany the creation of well-controlled CROW structures is that the behaviour of the individual rings in the CROW structure is close to being perfectly identical. The coupling strength at the points where light is is coupled into and out of the CROW may need to be different from the coupling strength between all the constituent rings, in order to control the overall spectral response. The inter-ring coupling strength could also be a usefully adjustable design parameter in the control of the overall filter response of the CROW. The performance of photonic wire ring-based CROWs in SOI technology is critically related to fabrication issues. Because of the intrinsically high refractive index contrast involved, acceptably small propagation losses, e.g. at a target level of 0.1 dB.cm -1 , imply a requirement for the roughness of all of the surfaces of the photonic-wire waveguide to be comparably close to the atomic spacing of the silicon crystal lattice. While it is possible to reduce the edge-roughness by patterning the silicon waveguide stripe indirectly via etching of a thermally oxidised silica upper-cladding layer (instead of the silicon waveguide core) [22] , together with an additional silicon oxidation process, the resulting waveguide stripe profile gives much weaker confinement and therefore larger bending losses in small rings. A combination of etching of the silicon waveguide core and thermal oxidation at the appropriate stage may eventually turn out to produce the best results in terms of the combination of strong confinement and low propagation losses. The high magnification scanning electron micrographs shown in Fig. 9 give an indication of what is possible, in terms of edge smoothness and dimensional control when using HSQ resist together with direct-write electron-beam lithography (EBL). The impressive results of Cooper et al [21] give a useful indication of the performance that it is possible to obtain by using many-ring CROW structures. The results of measurements on chains of as many as 235 successively coupled rings are shown in Fig. 10 . There is, however, a clear degradation, i.e greater irregularity, in the spectral respons of the 235 ring CROW -by comparison with the response when 'only' 35 rings are used. The level of irregularity for either of these two examples (35 successive rings and 235 successive rings) may already be unacceptably large for some applications -and a strategy for reducing the irregularity of the response of the as-fabricated ring CROW may be required. Fig. 11 illustrates the strategy adopted by Melloni and coworkers [18, 20] , with individual heater elements allowing practically independent control of the detailed response of each ring. This strategy has been applied successfully in ring-based CROWs with as many as 20 coupled rings. Going to larger numbers will surely introduce greater complexity in the task of tuning all the resonators to the desired condition. 
COMPACT WAVEGUIDE SILICON PHOTODIODE USING RING-RESONATOR CONFIGURATION
Compact waveguide silicon photodiode structures with high demonstrated quantum efficiency values at fibre telecom wavelengths have been produced by using ion-implantation, together with a moderate diameter ring-resonator configuration [48, 49] . A schematic diagram of the photodiode, which indicates the regions that are doped electrically by ion-implantation into selected regions, is shown in Fig. 13(a) . A scanning electron micrograph of an actual device structure is shown in Fig. 13(b) . The defect centres required to produce a diode with a practically useful responsivity of greater than 100 mA/W [49] were obtained either by isotype implantation with silicon ions -or, alternatively, by use of phosphorus implantation -followed by carefully controlled thermal annealing. Reverse-bias voltages as large as 20 V were required to maximise the performance. Use of the ring resonator configuration readily leads to an enhancement in the responsivity by more than 15 dB, in comparison with the non-resonant performance of a straight waveguide device with the same length.
METAMATERIALS FORMED BY SINGLE PLANE ARRAYS OF SPLIT-RING RESONATORS
A basic square U-shaped single-split metallic ring-resonator is shown schematically in Fig. 14(a) , while Fig. 14(b) shows schematically the responses of an array of such resonators in reflection for normally incident light having the two different basic polarisations, commonly called TE and TM. The individual SRRs that make up a planar metamaterial array can be regarded as playing the role of artificial photonic atoms tuned to have interesting properties in the specific spectral region chosen. A simple formula:
relates the peak frequency for the fundamental LC (or zeroth-order plasmonic) resonance, via the free-space wavelength, to the defining geometry of this split-ring pattern. This formula applies even though the total inductance and total capacitance should be regarded as a suitable average of the locally distributed quantities. This LC resonance is strictly only excited by TE light, for which the electric field is polarised across the jaws of the SRRs.The remaining plasmonic resonances are accessible with either TE or TM polarised light -and the first-order resonance peaks are shown in the schematic diagram. Even though the optical frequency behaviour of metals such as gold (Au), silver (Ag), copper (Cu) and aluminium (Al) deviates considerably from that observed for good conductors at lower frequencies, the LC resonance behaviour is identifiable, through appropriate scaling, from radio frequencies all the way through to the visible light region of the electromagnetic spectrum. Metamaterials formed by single layer arrays of metallic SRRs continue to be of significant interest. Different elementary 'atomic' configurations within the array of elements that form a metamaterial surface may include, as non-exhaustive examples: (a) single-split, single-ring, structures [50] , (b) multiply-split single-ring structures, including variations on the theme of asymmetric SRRs (i.e. ASRRs) that has been considered in this article [33, 39, 42, 52] , (c) multiply-split SRRs in which there is significant lengthwise overlap of (for example) the arms of the multiple sections [51, 53] , (d) multiplering SRRs with one or more splits in each constituent ring [54] .
Asymmetric Split Ring Resonator (A-SRR) Arrays
Such metamaterials may eventually be used in a variety of situations, e.g bio-medical-sensing and gas-sensing. The metamaterial configuration of an array of single-ring ASRRs provides a tunable set of three resonances of two different types: (a) Two plasmonic, enhanced-reflection/reduced-transmission resonances that can be moved in frequency substantially independently of each other -and (b) an absorption resonance, with both low transmission and low reflection, that exists only for the combined structure. Because of the fact that there are two splits involved in defining the ASRR, the LC resonance may be shifted to spectral regions where it is more difficult to observe. Smaller gap sizes could increase the effective capacitance sufficiently for the LC resonance peak to reappear. The double-ring ASRR array configuration provides additional degrees of freedom -with possibilities for controlled independent tuning, enhancement and/or broadening of the several enhanced-reflection and reduced-transmission resonances. One can imagine, without great difficulty, the possibiliity of aligning the resonances of multiple ring ASRRs, by adjusting the detailed geometry, so that several of the mid-IR frequency bond resonances of a target molecule coincide with specific reflection peaks of the multiple-ring ASRRs -or with spectral regions of low reflection and transmission.
The resonant behaviour of the various versions of the general SRR may have a number of different manifestations. As an example and already mentioned earlier, the simplest, single-split, version of the SRR has a fundamental (i.e. lowest frequency) resonance that it is appropriate to call an LC resonance -and manifests itself as a substantial increase in the reflection coefficient, centred on a peak resonance frequency. Excitation of this resonance by a linearly polarised electromagnetic wave requires that there be a component of the electric field that is parallel to the single gap of the SRR. The capacitance, C, that determines the resonance frequency comes mostly from the gap region where the split occursso a larger gap, with everything else remaining the same, leads to a higher resonance frequency. The LC resonance may be thought of as a zeroth-order plasmonic resonance, since the length of the metallic ring that forms the SRR may in principle be arbitrarily small in comparison with the resonant wavelength of the electromagnetic wave. The smaller L value that arises from a shorter ring circumference (in the case of circular geometry) can be compensated by increasing C via a smaller gap at the splitting point. The higher-order resonances of the same single-gap SRR have frequencies that are determined by the combination of surface plasmon propagation along the ring and the electromagnetic boundary conditions in the gap region.
For the example of the ASRR, the boundary condition is closely related to how close the relevant segment is to a 'partner' segment -as well as to the length of that segment. The distinctive LC resonance of the single-gap SRR structure may be considered as a zeroth-order plasmonic resonance of the structure, in the sense that the length of the loop at the frequency at which resonance occurs may be only a very small fraction of the plasmonic wavelength. To a good approximation, the LC resonance of the single-gap SRR scales in all its characteristic dimensions linearly with the free-space wavelength -and has, in principle, no lower limit on frequency. In the other direction, as the frequency is increased from the near infra-red towards the visible part of the spectrum, a limiting effect appears that has been identified as that of the electron self-inductance [55] . The frequency at which the contribution of the dynamic inductance becomes important can be pushed higher by using aluminium, with its substantially greater plasma resonance frequency (but also larger damping frequency), in place of gold or silver [31, 35] . Fig. 16 shows a single element of an ASRR array that has been geometrically tuned to shift its basic longer wavelength reflection resonance peak by a controlled amount, when coated with a specific thickness of PMMA. The presence of the PMMA layer both shifts the whole reflectance spectrum bodily to longer wavelengths, because of its 'average' refractive index of ~1.54, and leads to the appearance of an enhanced feature associated with the strong carbonyl bond resonance of the PMMA molecules. More detail on these experiments is given in Lahiri et al [33] . 
Detection of molecular resonance of PMMA

Resonance hybridization in arrays of ASRRs
As should already be clear from the above description of the resonant behaviour of arrays of ASRRs, the spectral positions of the reflection peaks are mainly determined by the lengths of the two different arms of the individual, nominally identical resonators -in relation to plasmonic wave propagation along the relevant arm. The position of the reflection resonance for each arm is affected somewhat by the nearby presence of the other arm, which modifies the boundary conditions, primarily, in the region around the ends of the resonant arm. The modification of the spectral positions of the reflection resonances caused by the interaction of the two arms is appropriately described as a hybridisation of the resonances of the constituent arms of each asymmetric resonator. The absorption resonance between the two reflection peaks is, in contrast, a characteristic feature of the combination of the two arms [33, 37] of the individual resonators. Excitation of this trapped mode is possible with light that is linearly polarised and parallel to a line through equivalent, but opposite, points on the two ends of an arm of the resonator, but only because of the asymmetry of the total resonator. If the two arms are equal in length, the linearly polarised light shows a single reflection resonance, and the trapped mode is not excited. Essentially the same trapped mode has been identified and investigated by Ding and co-workers [42] , who have considered the behaviour of the so-called 'extinction' resonances in ASRRs, with several different values of long-to-short arm length ratio -and with small gaps between the arms, thereby producing a field strength enhancement in the gap region that may be useful, in particular, for excitation of resonant Raman scattering and, therefore, producing a major increase in the sensitivity of the metamaterial response to the presence of small amounts of complex dielectric material, e.g. for applications in bio-medical sensing. In our description of the metamaterial properties of an array of ASRRs in terms of the properties of the individual elements, several factors have been overlooked or bypassed. The assumption has been made that the elements are sufficiently far apart that the modification of the collective response by the coupling between, in particular, adjacent elements is negligible. The absolute reflection coefficient can be expected to increase as the spacing between elements decreases. When the elements are sufficiently close together, coupling between them will produce a significant modification in the array response, particularly if their shape allows close packing and a high filling factor [31] . Closepacking intrinsically leads to a measure of mini-band formation, although the resonance line-width is typically so large that mini-band formation may not be easily observable.
The nature of the array distribution also has a potential impact on the spectral distribution of the metamaterial response. Quite typically, the ASRR elements in a metamaterial array will be arranged periodically, e.g. over a square lattice. But this periodicity is primarily a matter of convenience -and the primary properties of the metamaterial surface are retained in a more general situation where the spacing between the elements is irregular -unless the extent of the irregularity is so large that some adjacent elements are in close proximity to one another -or even overlap -while, elsewhere, the separation may be much larger. In their authoritative review of the electromagnetic characteristics of periodic structures, Busch and co-workers [56] have taken advantage of the fact that metamaterial arrays that have been investigated are often periodic structures to justify inclusion of metamaterial arrays in their review, alongside the photonic crystal structures that have basic properties that are fundamentally determined by the periodic distribution of refractive index that is characteristic of a photonic crystal. Inevitably, a periodically organised metamaterial array will also show photonic crystal type behaviour. Somewhere in the spectrum, there will be a limited range of frequencies in which the periodic metamaterial array will exhibit photonic crystal type behaviour, with an orientation-dependent stop-band being exhibited and approximately centred on the spectral region where the re-scaled wavelength is twice the lattice period.
The nature of the resonance hybridisation that applies for the ASRRs already illustrated in Fig. 16 was probed by comparing the resonance properties of arrays of single-arm patterns, as shown in Fig. 17(a) and (b), with the resonance properties of the combined pattern that forms the ASRRs, as shown in Fig. 17(c) . Fig. 18 shows how hybridisation modifies the positions (expressed in terms of photon energies) of the resonances [37] . It is of some interest to note that the energy positions of the resonances for the full ASRR structure are both lower, due to coupling and hybridisation, than the corresponding individual section resonances. 
Double Asymmetric Split Ring Resonators (DA-SRRs)
We have extended the A-SRR array approach by fabricating and then investigating the properties of arrays formed by elements consisting of two concentric rings [54] . Elementary patterns have been chosen both with the same angular defining angles for the split regions between the two segments of each defining circular ring, as in the micrograph of 
CONCLUSIONS
It seems reasonably likely that photonic Quasi-Crystal (PQC) structures -or even regular PhC structures -will play an important role for enhanced light extraction and beam-shaping in high-performance, application-specific LEDs, in the near-future. This statement could well apply in the case of LEDs that operate both in the blue/UV and mid-IR parts of the electromagnetic spectrum, as well as various points in the spectrum in-between. Both photonic crystal and photonic wirebased CROW structures are of interest, but the best characteristics obtained to date have been provided by ring-resonator based CROWs. Metamaterials formed by single layer arrays of metallic SRRs continue to be of significant interest and their properties can be tuned to target specific wavelengths associated with features in the spectral response of particular molecules of interest. Split-ring resonator based metamaterial structures could eventually be useful in a variety of situations, e.g for bio-medical sensing and gas-sensing applications.
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